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&XUFXPLQ WKH DFWLYH SULQFLSOH SUHVHQW LQ WKH \HOORZ VSLFH WXUPHULF KDV EHHQ VKRZQ WR H[KLELW YDULRXV
SKDUPDFRORJLFDO DFWLRQV VXFK DV DQWLR[LGDQW DQWLLQIODPPDWRU\ DQWLPLFURELDO DQG DQWLFDUFLQRJHQLF DFWLYLWLHV
3UHYLRXVO\ZHKDYH UHSRUWHG WKDWGLHWDU\ FXUFXPLQGHOD\VGLDEHWHVLQGXFHGFDWDUDFW LQ UDWV+RZHYHU ORZSHURUDO
ELRDYDLODELOLW\ LV D PDMRU OLPLWLQJ IDFWRU IRU WKH VXFFHVV RI FOLQLFDO XWLOL]DWLRQ RI FXUFXPLQ ,Q WKLV VWXG\ ZH KDYH
DGPLQLVWHUHG FXUFXPLQ HQFDSVXODWHG QDQRSDUWLFOHV LQ VWUHSWR]RWRFLQ 67= LQGXFHG GLDEHWLF FDWDUDFW PRGHO 2UDO



















,W LV HVWLPDWHG WKDW FXUUHQWO\ DURXQG  PLOOLRQ SHRSOH
ZRUOGZLGHKDYHGLDEHWHVDQGSURMHFWHGWRULVHWRPLOOLRQLQ
>@8QFRQWUROOHGRUSRRUO\FRQWUROOHGGLDEHWHVFDQOHDGWR
PLFUR HJ EOLQGQHVV QHSKURSDWK\ DQG QHXURSDWK\ DQG
PDFURYDVFXODU FDUGLRYDVFXODU DQG VWURNH FRPSOLFDWLRQV >@
%OLQGQHVV GXH WR FDWDUDFW LV DQ LPSRUWDQW ORQJWHUP
FRPSOLFDWLRQRIGLDEHWHV&DWDUDFWFKDUDFWHUL]HGE\FORXGLQHVV
RURSDFLILFDWLRQRIWKHFU\VWDOOLQHH\HOHQVLVWKHOHDGLQJFDXVH
RI EOLQGQHVV DOO RYHU WKH ZRUOG DQG PRUH VR LQ GHYHORSLQJ
FRXQWULHV>@0DQ\VWXGLHVLQGLFDWHWKHUROHRIR[LGDWLYHVWUHVV
LQ PHGLDWLQJ PLFUR DQG PDFURYDVFXODU FRPSOLFDWLRQV GXH WR
JOXFRVH DXWR[LGDWLRQ QRQHQ]\PDWLF JO\FDWLRQ RI SURWHLQV
OHDGLQJ WR DGYDQFHG JO\FDWLRQ HQG SURGXFWV $*(V DQG
HQKDQFHG JOXFRVH IOX[ WKURXJK SRO\RO SDWKZD\ >@ 7KRXJK




KDV SURPSWHG WKH XVH RI GLHWDU\ DQWLR[LGDQW LQ DQ DWWHPSW WR
VORZWKHFDWDUDFWSURJUHVVLRQ>±@
,Q WKLV FRQWH[W RXU JURXS KDV HYDOXDWHG D QXPEHU RI
WUDGLWLRQDO PHGLFLQHV DQG FRPPRQ GLHWDU\ DJHQWV IRU WKHLU
SRWHQWLDO WR GHOD\ GLDEHWLF FDWDUDFW >±@ %DVHG RQ WKHVH
VWXGLHV ZH IRXQG WKDW FXUFXPLQ DFWLYH SULQFLSOH IRXQG LQ
\HOORZVSLFHWXUPHULFGHOD\VGLDEHWHVLQGXFHGFDWDUDFWLQUDWV
:H KDYH GHPRQVWUDWHG WKDW IHHGLQJ RI GLHWDU\ DQWLR[LGDQW
FXUFXPLQ ZDV HIIHFWLYH LQ GHOD\LQJ VWUHSWR]RWRFLQ 67=
LQGXFHGGLDEHWLFFDWDUDFW LQ UDWVPDLQO\ WKURXJK LWVDQWLR[LGDQW
SURSHUW\>@,QDGGLWLRQZHDOVRIRXQGWKDWFXUFXPLQLQKLELWHG
GLDEHWHVLQGXFHG H[SUHVVLRQ RI YDVFXODU HQGRWKHOLDO JURZWK
IDFWRU9(*)LQUDWUHWLQD>@DQGOHQVDOGRVHUHGXFWDVH$5




EHQHILWV LQ SUHFOLQLFDO VWXGLHV WKH WUDQVODWLRQ KDV EHHQ YHU\
SRRU DQG WKH GRVHV XVHG LQ FOLQLFDO WULDOV DUH XQIHDVLEOH WR
SUDFWLFH LQ UHDOLW\ 2QH RI WKH PDMRU UHDVRQV IRU WKH ODFN RI
3/2621(_ZZZSORVRQHRUJ  2FWREHU_9ROXPH_,VVXH_H
FOLQLFDO VXFFHVV ZLWK FXUFXPLQ LV OLQNHG WR LWV H[WHQVLYH
LQWHVWLQDO DQG KHSDWLF PHWDEROLF ELRWUDQVIRUPDWLRQ UHVXOWLQJ LQ
SRRU RUDO ELRDYDLODELOLW\ >±@ 5HFHQWO\ WKH IRFXV LV WR
DGGUHVVELRDYDLODELOLW\FRQFHUQVRIWKHVXSSOHPHQWVZLWKDYLHZ
WR LPSURYH WKH WKHUDSHXWLF HIILFDF\ >@ 8VH RI SRO\PHULF
QDQRSDUWLFOHV KDV EHHQ DFWLYHO\ H[SORUHG DV RUDO GHOLYHU\
YHKLFOHV IRUSKDUPDFHXWLFDOO\FKDOOHQJLQJFRPSRXQGV >±@
:H KDYH VKRZQ WKDW HQFDSVXODWLQJ FXUFXPLQ LQ SRO\PHU
QDQRSDUWLFOHV LPSURYHG SHURUDO ELRDYDLODELOLW\ RI FXUFXPLQ DW
OHDVW  WLPHV FRPSDUHG WR WKDW RI SODLQ FXUFXPLQ LQ URGHQWV
>@ 7KH SUHVHQW VWXG\ UHSRUWV WKH HIILFDF\ RI FXUFXPLQ




6WUHSWR]RWRFLQ 67= FXUFXPLQ 1$'3+ 1$' 
WKLREDUELWXULF DFLG WHWUDHWKR[\ SURSDQH 7(3 '/
JO\FHUDOGHK\GH OLWKLXP VXOIDWH ȕPHUFDSWRHWKDQRO VRUELWRO




6LJPD$OGULFK 3RROH 8. 3RO\ODFWLGHFRJO\FROLF DFLG
3/*$ 5HVRPHU 5+ 0: ± N'D ZDV SXUFKDVHG




7KH SDUWLFOHV ZHUH SUHSDUHG E\ D PRGLILHG HPXOVLRQ
GLIIXVLRQHYDSRUDWLRQ PHWKRG SUHYLRXVO\ GHYHORSHG LQ RXU




ZDV WKHQ DGGHG LQ D GURS ZLVH PDQQHU XQGHU VWLUULQJ WR WKH
39$ VROXWLRQ DQG VWLUULQJ FRQWLQXHG IRU  PLQ 7KH HPXOVLRQ
ZDVKRPRJHQL]HG IRUPLQDW USPDQG WUDQVIHUUHG WR
 PO ZDWHU WR IDFLOLWDWH GLIIXVLRQ RI HWK\O DFHWDWH DQG ZDV
VWLUUHG DW  USP RYHUQLJKW WR HQVXUH WKH FRPSOHWH
HYDSRUDWLRQRIHWK\ODFHWDWHDQGWRJHW WKHQDQRSDUWLFOHV7KH
QDQRSDUWLFOHVVXVSHQVLRQZDV WKHQFHQWULIXJHGDWJ IRU
 PLQ WR VHSDUDWH XQERXQG 39$ DQG FXUFXPLQ IURP WKH
SUHSDUDWLRQ 7KH SHOOHW REWDLQHG ZDV WKHQ UHVXVSHQGHG LQ
UHTXLUHGDPRXQWRIGLVWLOOHGZDWHUXVLQJPLOGVRQLFDWLRQ IRU
VHF 7KH SDUWLFOH VL]H IUHVK SUHSDUDWLRQ DW WKLV VWDJH ZDV
PHDVXUHG XVLQJ ]HWD VL]HU 7KH UHVXVSHQGHG SHOOHW ZDV
IUHH]HGULHGPOVXVSHQVLRQLQDPOYLDOXVLQJVXFURVH
ZY DQG VWRUHG IRU ODWHU VWXGLHV 7KH IUHH]H GU\LQJ ZDV
SHUIRUPHGXVLQJ WKHFRQGLWLRQV IUHH]LQJKDW &PDLQ
GU\LQJ  K  & YDFXXP  P%DU VDIHW\ SUHVVXUH
P%DUDQGILQDOGU\LQJPDLQGU\LQJK&YDFXXP
 P%DU VDIHW\ SUHVVXUH  P%DU 7KH IUHH]H GULHG
SDUWLFOHVZHUHUHVXVSHQGHGLQPORIZDWHUDQGFKDUDFWHUL]HG





$QLPDO 6FLHQFHV 1DWLRQDO ,QVWLWXWH RI 1XWULWLRQ +\GHUDEDG
ZHUHXVHGIRU WKLVVWXG\$OO WKHDQLPDOVZHUHIHG$,1GLHW
DGOLELWXPWKURXJKRXWWKHVWXG\7KHFRQWURO&RQWUROQ UDWV
UHFHLYHG  0 FLWUDWH EXIIHU S+  DV YHKLFOH DQG WKH
H[SHULPHQWDO UDWV UHFHLYHG D VLQJOH LQWUDSHULWRQHDO LQMHFWLRQ RI
67=  PJNJ LQ FLWUDWH EXIIHU $IWHU  K EORRG JOXFRVH
OHYHOV ZHUH PRQLWRUHG LQ UDWV IDVWHG IRU  K $QLPDOV ZLWK
EORRG JOXFRVH OHYHOV  PJGO ZHUH H[FOXGHG IURP WKH
H[SHULPHQWDQGUHVWZHUHGLVWULEXWHGLQWRIRXUJURXSV$QLPDOV
LQ WKHVH JURXSV UHFHLYHG HLWKHU RQO\ '062 DV YHKLFOH
'LDEHWLF'Q RUUHFHLYHGPJGD\FXUFXPLQLQ'062'






,QVWLWXWLRQDO DQG QDWLRQDO JXLGHOLQHV IRU WKH FDUH DQG XVH RI
DQLPDOV ZHUH IROORZHG DQG DOO H[SHULPHQWDO SURFHGXUHV
LQYROYLQJ DQLPDOV ZHUH DSSURYHG E\ WKH ,$(& LQVWLWXWLRQDO
DQLPDO HWKLFDO FRPPLWWHH RI 1DWLRQDO ,QVWLWXWH RI 1XWULWLRQ
$QLPDOV ZHUH KRXVHG LQ LQGLYLGXDO FDJHV LQ D WHPSHUDWXUH
& DQG KXPLGLW\  FRQWUROOHG URRP ZLWK D K OLJKW
GDUN F\FOH $OO WKH DQLPDOV KDG IUHH DFFHVV WR ZDWHU )RRG
LQWDNH GDLO\ DQG ERG\ ZHLJKWV ZHHNO\ ZHUH PRQLWRUHG :H
DGKHUHG WR WKH $592 6WDWHPHQW IRU WKH 8VH RI $QLPDOV LQ
2SKWKDOPLFDQG9LVLRQ5HVHDUFK
6OLWODPSH[DPLQDWLRQDQG&DWDUDFWJUDGLQJ











WKH UDW OHQVZHLJKDERXWPJ+HQFHZHSRROHG OHQVHV
IRUPDNLQJKRPRJHQDWHQRWRQO\WRHVWLPDWH0'$DQGVRUELWRO
EXWDOVRIRURWKHUELRFKHPLFDOHVWLPDWLRQV$KRPRJHQDWH
ZDV SUHSDUHG IURP  SRROHG OHQVHV LQ  P0 SKRVSKDWH
EXIIHUS+$OOWKHELRFKHPLFDOSDUDPHWHUVZHUHDQDO\]HGLQ
WKHVROXEOHIUDFWLRQRIWKHOHQVKRPRJHQDWH[JDW&




NLW %LR6\VWHPV 6$&RVWD %UDYD  %DUFHORQD 6SDLQ DQG
'HOD\RI'LDEHWLF&DWDUDFWE\1DQRFXUFXPLQ
3/2621(_ZZZSORVRQHRUJ  2FWREHU_9ROXPH_,VVXH_H
VHUXP LQVXOLQE\D UDGLRLPPXQRDVVD\ 5,$NLW %5,7('$(
0XPEDL ,QGLD DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV
/HQV 0'$ DV WKLREDUELWXULF DFLG UHDFWLQJ VXEVWDQFHV
7%$56 SURWHLQ FDUERQ\O FRQWHQW DQG DFWLYLWLHV RI DOGRVH
UHGXFWDVH$5DQGVRUELWRO OHYHOVZHUHGHWHUPLQHGDFFRUGLQJ
WRWKHPHWKRGVGHVFULEHGSUHYLRXVO\>@7KHVSHFLILFDFWLYLW\RI





6XEXQLW SURILOH DQG FURVVOLQNLQJ RI VROXEOH SURWHLQV ZHUH
DQDO\]HGRQSRO\DFU\ODPLGHLQWKHSUHVHQFHRI6'6XQGHU
UHGXFLQJ FRQGLWLRQV>@ ,Q EULHI SURWHLQ VDPSOHV J DQG
PROHFXODU PDVV PDUNHUV ZHUH UHVROYHG RQ D 
SRO\DFU\ODPLGHJHO7KHJHOZDVVWDLQHGZLWKVWDLQLQJVROXWLRQ





76.* 6: FROXPQ 7262+ &R -DSDQ XVLQJ D
6KLPDG]X &ODVV93 +3/& V\VWHP >@ 7KH FROXPQ ZDV
HTXLOLEUDWHG ZLWK  0 VRGLXP SKRVSKDWH EXIIHU S+ 






$129$ ZDV XVHG IRU FRPSDULVRQ RI PHDQ YDOXHV DFURVV
JURXSV DQG PXOWLSOH FRPSDULVRQV ZHUH PDGH E\ 'XQFDQ¶V
PXOWLSOH UDQJH WHVW :KHQHYHU KHWHURJHQHLW\ RI YDULDQFH ZDV
IRXQG QRQSDUDPHWULF 0DQQZKLWQH\ ³8´ WHVW ZDV FDUULHG RXW
/LQHDU UHJUHVVLRQ DQDO\VLV ZDV FDUULHG RXW WR VWXG\ WKH
UHODWLRQVKLS IRUFDWDUDFWSURJUHVVLRQZLWK WKHGXUDWLRQ ZHHNV





&XUFXPLQ QDQRSDUWLFOHV ZHUH SUHSDUHG VXFFHVVIXOO\ E\
SUHYLRXVO\GHYHORSHGHPXOVLRQGLIIXVLRQHYDSRUDWLRQWHFKQLTXH
ZLWK VOLJKW PRGLILFDWLRQ >@ 7KH =DYHUDJH SDUWLFOH VL]H RI
QDQRSDUWLFOHVDWPJFXUFXPLQORDGLQJZDVQP
ZLWK 3', RI  UHVXOWLQJ LQ DSSUR[LPDWHO\  PJ RI
FXUFXPLQ HQFDSVXODWHG  LQ WKH SDUWLFOHV )LJXUH  7KH
VL]H RI EODQN SDUWLFOHV ZLWKRXW FXUFXPLQ ZDV    QP
ZLWK    3', 7KH IUHH]H GULHG FXUFXPLQ ORDGHG DQG
EODQN SDUWLFOHV ZHUH FRPSDUDEOH WR WKH UHVSHFWLYH IUHVK
SUHSDUDWLRQV
)RRGLQWDNHDQGERG\ZHLJKWV
$VREVHUYHG LQSUHYLRXVVWXGLHV >±@ WKH IRRG LQWDNHRI
GLDEHWLF DQLPDOV ZDV PRUH WKDQ WKH UHVSHFWLYH FRQWUROV
'HVSLWH WKH LQFUHDVHGIRRG LQWDNH WKHERG\ZHLJKWRIGLDEHWLF
DQLPDOVGHFUHDVHGVLJQLILFDQWO\PHDQ6(ERG\ZHLJKWDWWKH
HQGRIH[SHULPHQWJSZKHQFRPSDUHGWR
FRQWURO DQLPDOV    J DQG VR ZDV WKH FDVH LQ WKH








DQG SURJUHVVLRQ RI FDWDUDFW ȕ   6(  DV
FRPSDUHG WRXQWUHDWHGJURXS )LJXUHDQG WKLV LVFRQVLVWHQW
ZLWK RXU SUHYLRXV REVHUYDWLRQV >@ 6LQFH OHQVHV ZHUH LQ
GLIIHUHQWVWDJHVRIFDWDUDFWLQDJLYHQJURXSDWDJLYHQWLPHZH
KDYHDYHUDJHGWKHVWDJHVDWWKHJLYHQWLPHIRUDJLYHQJURXS
WR VHH WKH RQVHW DQG SURJUHVVLRQ RI FDWDUDFW LQ DQ HPSLULFDO
PDQQHU LQ DOO WKH JURXSV DQG SUHVHQWHG ZLWK GXUDWLRQ RI
GLDEHWHV )LJXUH  ,QWHUHVWLQJO\ WKHUH ZDV D IXUWKHU DQG
VLJQLILFDQW S GHOD\ LQ WKH RQVHW DQG SURJUHVVLRQ RI
FDWDUDFW LQ QDQRFXUFXPLQ JURXS ȕ   6(  DV
FRPSDUHGWRGLHWDU\FXUFXPLQGLDEHWLFJURXS$WWKHHQGRIWHQ
ZHHNV WKH VHYHULW\ RI FDWDUDFW ZDV VLJQLILFDQWO\ S
ORZHULQQDQRFXUFXPLQJURXSFRPSDUHGWRXQWUHDWHGDVZHOODV
)LJXUH   3DUWLFOH FKDUDFWHULVWLFV PHDVXUHG E\ 0DOYHUQ
]HWDVL]HUIUHVK$DIWHUFHQWULIXJDWLRQ%DQGDIWHUIUHH]H





GLHWDU\ FXUFXPLQ IHG GLDEHWLF UDWV $OO WKH OHQVHV LQ FRQWURO
JURXSDSSHDUHG WREHQRUPDODQG IUHHRIRSDFLWLHVGXULQJ WKH
H[SHULPHQWDOSHULRGRQWKHRWKHUKDQGEODQNQDQRSDUWLFOHVGLG
QRW DIIHFW WKH RQVHW DQG SURJUHVVLRQ RI FDWDUDFWȕ  
6( 
%ORRGJOXFRVHDQGLQVXOLQOHYHOV
7KH EORRG JOXFRVH DQG LQVXOLQ OHYHOV ZHUH HVWLPDWHG WR
XQGHUVWDQG LI WKH UROH RI FXUFXPLQ LQ FDWDUDFW RQVHW DQG
SURJUHVVLRQLVGXHWRUHGXFWLRQRI67=LQGXFHGK\SHUJO\FHPLD
$V H[SHFWHG EORRG JOXFRVH OHYHOV ZHUH HOHYDWHG DQG LQVXOLQ
OHYHOVZHUH ORZHUHGVLJQLILFDQWO\ LQXQWUHDWHGJURXSFRPSDUHG
WR WKH FRQWUROV )LJXUH  +RZHYHU ERWK IRUPV RI FXUFXPLQ
IDLOHG WR UHGXFH JOXFRVH FRQFHQWUDWLRQV DQG LQFUHDVH LQVXOLQ
OHYHOV )LJXUH  LQGLFDWLQJ WKDW FXUFXPLQ¶V UROH LQ GHOD\LQJ
FDWDUDFW SURJUHVVLRQ LV LQGHSHQGHQW RI LWV JOXFRVH ORZHULQJ
DELOLW\
0ROHFXODUEDVLVIRUWKHGHOD\RIFDWDUDFW
7R LQYHVWLJDWH WKH HIIHFW RI FXUFXPLQ RQ SRVVLEOH
PHFKDQLVPV UHODWHG WR GHOD\ RI GLDEHWLF FDWDUDFW WKH PDMRU
ELRFKHPLFDO SDUDPHWHUV UHODWHG WR FDWDUDFWRJHQHVLV VXFK DV
R[LGDWLYH VWUHVVDQWLR[LGDQW V\VWHP SRO\RO SDWKZD\ SURWHLQ





WR FRQWURO JURXS LQGLFDWHV LQFUHDVHG OLSLG SHUR[LGDWLRQ DQG




FDUERQ\OV GHVSLWH HOHYDWHG JOXFRVH OHYHOV EXW QRW LQ 62'
OHYHOV 7DEOH  $JDLQ WKH QDQRFXUFXPLQ ZDV PRUH




SDWKZD\ ZDV KLJKHU EXW VWDWLVWLFDOO\ LQVLJQLILFDQ  LQ GLDEHWLF
DQLPDOVWKDQLQFRQWURO WKHLQFUHDVHLQVRUELWROSURGXFWRI$5
FDWDO\]HG UHDFWLRQZDV UHPDUNDEO\KLJK 7DEOH7UHDWPHQW
ZLWKFXUFXPLQ UHVXOWHG LQQRUPDOL]DWLRQRI$5DFWLYLW\DQG WKH
HIIHFWZDVSURPLQHQWZLWKQDQRFXUFXPLQ 7DEOH:KLOH WKH
OHYHOVRIVRUELWROZHUHGHFUHDVHGZLWKFXUFXPLQ WKHUHGXFWLRQ
ZDVKLJKO\ VLJQLILFDQW SZLWKQDQRFXUFXPLQ 7DEOH




7R XQGHUVWDQG ZKHWKHU FXUFXPLQ IHHGLQJ WR GLDEHWLF UDWV
FRXOG UHGXFHSURWHLQJO\FDWLRQZHPRQLWRUHGD IHZSURPLQHQW
$*( LQ WKH OHQVE\ LPPXQRGHWHFWLRQXVLQJVSHFLILFSRO\FORQDO
DQWLERGLHV :KLOH LPPXQRUHDFWLYLW\ RI JOXFRVH GHULYHG $*(
&0/DQG$*(%6$LQWKHVROXEOHSRUWLRQZDVXQGHWHFWDEOHLQ
FRQWURO UDW OHQV WKHVH WZR $*( GHWHFWLRQ ZDV VLJQLILFDQW LQ
XQWUHDWHG GLDEHWLF UDW OHQV )LJXUH  )HHGLQJ RI UDWV ZLWK
FXUFXPLQDQGQDQRFXUFXPLQVLJQLILFDQWO\UHGXFHGWKHIRUPDWLRQ




:KDWHYHU WKH XQGHUO\LQJ PHFKDQLVP DOWHUDWLRQV LQ SURWHLQ
SURILOH DQG LQVROXELOL]DWLRQ RI RWKHUZLVH VROXEOH SURWHLQ KDYH
EHHQFRQVLGHUHGWREHWKHXOWLPDWHFKDQJHVWKDWUHVXOW LQ OHQV
RSDFLILFDWLRQ 7KHUHIRUH ZH KDYH DQDO\]HG WKH WRWDO VROXEOH
DQG LQVROXEOH SURWHLQ FRQWHQW LQ DOO WKH JURXSV 7KHUH ZDV D
VLJQLILFDQW GHFUHDVH LQ ERWK WRWDO DV ZHOO DV VROXEOH SURWHLQ
SLQGLDEHWLFUDWVFRPSDUHGWRFRQWUROJURXS7DEOH
*HQHUDOO\ GXULQJ SURJUHVVLRQ DQG VXEVHTXHQW PDWXUDWLRQ RI
FDWDUDFWZKLOHWKHUHLVDOHDNDJHRISURWHLQVIURPWKHOHQVGXH
WR RVPRWLF VWUHVV LQ DGGLWLRQ WR GHJUDGDWLRQ RI OHQV SURWHLQV
ZKLFK LV WKH PDLQ FDXVH RI GHFUHDVHG WRWDO SURWHLQ FRQWHQW
WKHUH LV DQ LQVROXELOL]DWLRQ RI DYDLODEOH VROXEOH SURWHLQ GXH WR
PHFKDQLVPVPHQWLRQHGDERYH)HHGLQJWKHUDWVZLWKFXUFXPLQ
LPSURYHG WKH WRWDODQGVROXEOHSURWHLQ OHYHOV SZKLFK
LVLQDJUHHPHQWZLWKWKHGHOD\RIRQVHWRIFDWDUDFWLQWKLVJURXS
7DEOH+RZHYHULWVKRXOGEHQRWHGWKDWWKHLPSURYHPHQWLQ
SHUFHQWDJH RI VROXEOH SURWHLQ ZLWK QDQRFXUFXPLQ ZDV
UHPDUNDEOHFRPSDUHGWRFXUFXPLQ7DEOH
)LJXUH   7KH HIIHFW RI FXUFXPLQ DQG QDQRFXUFXPLQ RQ
67=LQGXFHG FDWDUDFW LQ UDWV  7RS SDQHO 5HSUHVHQWDWLYH
SKRWRJUDSKVRI OHQV IURPHDFKJURXSDW WKHHQGRIZHHNV









WKH VROXEOH SURWHLQV ZHUH DQDO\]HG E\ VL]H H[FOXVLRQ
FKURPDWRJUDSK\ 7KH GLVWULEXWLRQ SURILOH HYLGHQFHG E\ +3/&
VKRZHG D GHFUHDVH LQ ȕ DQG ĮFU\VWDOOLQ DEXQGDQFH ZKLOH
WKHUH ZDV DQ LQFUHDVH LQ ĮFU\VWDOOLQ SHDN LQ DGGLWLRQ WR
DSSHDUDQFH RI D KLJK PROHFXODU ZHLJKW +0: DJJUHJDWHV
SHDN LQ WKH YRLG YROXPH LQ GLDEHWLF XQWUHDWHG FRPSDUHG WR
FRQWURO)LJXUH7KHGHFUHDVHLQȕDQGȖFU\VWDOOLQVVXJJHVW
)LJXUH   7KH HIIHFW RI FXUFXPLQ DQG QDQRFXUFXPLQ RQ
EORRG JOXFRVH 3DQHO $ DQG LQVXOLQ OHYHOV 3DQHO % LQ




7DEOH  7KH HIIHFW RI FXUFXPLQ DQG QDQRFXUFXPLQ RQ
PDORQGLDOGHK\GH0'$SURWHLQFDUERQ\OVDQGVXSHUR[LGH
GLVPXWDVH62'SDUDPHWHUVLQUDWOHQV
*URXSV 0'$ 3URWHLQFDUERQ\OV 62'
&RQWURO   
'LDEHWLF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'&XUFXPLQ  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
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7KH GDWD DUH PHDQ  6' Q  0'$ OHYHOV DUH H[SUHVVHG DV Q PROHVJ OHQV
SURWHLQ FDUERQ\OV DV Q PROHVPJ SURWHLQ DQG 62' DFWLYLW\ DV XQLWVPLQ PJ
SURWHLQ
GRLMRXUQDOSRQHW
SURWHLQ PRGLILFDWLRQVGHJUDGDWLRQ LQ GLDEHWLF FDWDUDFW OHQV
ZKLFK PD\ EH LQYROYHG LQ WKH IRUPDWLRQ RI +0: DJJUHJDWHV
LQFOXGLQJ LQFUHDVH LQ ĮFU\VWDOOLQ SHDN GXH WR HLWKHU FURVV






SURWHLQ VKRZHG DQ LQFUHDVHG SURSRUWLRQ RI FURVV OLQNHG DQG
DJJUHJDWHG SURWHLQV ZLWK WKH DSSHDUDQFH RI QRQGLVXOILGH
GLPHUV RI PROHFXODU PDVV  N'D LQ WKH GLDEHWLF UDW OHQV




HPSOR\HG WR PDNH FXUFXPLQ HQFDSVXODWHG QDQRSDUWLFOHV
FRQWDLQLQJ DSSUR[LPDWHO\  PJ RI FXUFXPLQ SHU  PJ
SRO\PHU 3/*$ 2XU SUHYLRXV VWXGLHV WHVWHG QDQRSDUWLFOHV
DELOLW\WRLPSURYHSHURUDOELRDYDLODELOLW\RIFXUFXPLQDWOHDVWE\
IROGFRPSDUHGWRWKDWRISODLQFXUFXPLQ>@/DUJHDPRXQWV
RI FXUFXPLQ HQFDSVXODWHG QDQRSDUWLFOHV DQG FXUFXPLQ IUHH
QDQRSDUWLFOHVaQPZHUHSUHSDUHGDQGZHUHIUHH]HGULHG
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7KHGDWDDUHPHDQ6'Q 'LIIHUHQWVXSHUVFULSWVDEFGHLQGLFDWHGDWDDUH
VLJQLILFDQWO\ GLIIHUHQW IURP RWKHU JURXSV $5 DFWLYLW\ LV H[SUHVVHG DV  PROHV
1$'3+R[LGL]HGKPJSURWHLQDQGVRUELWROOHYHOVDVPROHVJOHQV
GRLMRXUQDOSRQHW
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7KH QDQRFXUFXPLQ ZDV H[DPLQHG DV D SKDUPDFRORJLFDO
LQWHUYHQWLRQ WR UHWDUG WKH GHYHORSPHQW DQG SURJUHVVLRQ RI
FDWDUDFWLQDQH[SHULPHQWDOPRGHORIGLDEHWHVZLWKDSSURSULDWH
FRQWUROV 2YHUDOO WKHUH ZHUH VLJQLILFDQW EHQHILFLDO HIIHFWV RI
FKURQLF QDQRFXUFXPLQ WKHUDS\ RQ GHOD\LQJ WKH FDWDUDFW LQ
GLDEHWLF UDWV7KHGHOD\ LQSURJUHVVLRQRI GLDEHWLF FDWDUDFW E\
QDQRFXUFXPLQ ZDV FKDUDFWHUL]HG E\ LWV DELOLW\ WR PRGXODWH
ELRFKHPLFDO PHFKDQLVPV DQG SDWKZD\V WKDW DUH OLQNHG WR WKH
GHYHORSPHQWRIFDWDUDFWVXFKSURWHLQLQVROXELOL]DWLRQR[LGDWLYH
VWUHVV SURWHLQ JO\FDWLRQ FU\VWDOOLQ GLVWULEXWLRQ DQG SRO\RO
SDWKZD\ 7KH EHQHILFLDO HIIHFWV RI QDQRFXUFXPLQ RQ WKHVH
ELRFKHPLFDO SDWKZD\V DUH GLVWLQFWO\ VXSHULRU FRPSDUHG WR
FXUFXPLQ
1DQRFXUFXPLQ ZDV HIIHFWLYH WKDQ FXUFXPLQ LQ GHOD\LQJ WKH
GLDEHWLFFDWDUDFWVLQUDWVDOWKRXJKLWFRXOGQRWSUHYHQWGLDEHWLF
FDWDUDFW FRPSOHWHO\ DW  PJGD\ GRVH )RU H[DPSOH FDWDUDFW
)LJXUH   ,PPXQRGHWHFWLRQ RI DGYDQFHG JO\FDWLRQ
HQGSURGXFWV &0/ 3DQHO $ DQG $*(%6$ 3DQHO % LQ








WKH FDWDUDFW PDWXUHG WR  DQG  LQ FXUFXPLQ DQG
QDQRFXUFXPLQWUHDWHGGLDEHWLFUDWVUHVSHFWLYHO\7KHHQKDQFHG
SHUIRUPDQFHRIQDQRFXUFXPLQZKHQFRPSDUHGWRFXUFXPLQFDQ
EHDWWULEXWHG WR LWV LPSURYHGRUDOELRDYDLODELOLW\+RZHYHU LW LV
YHU\GLIILFXOW WRTXDQWLI\XVLQJVWDQGDUG+3/&PHWKRG WKDWZH
HPSOR\HG IRUELRDYDLODELOLW\ ZLWKVXFKVPDOOHUGRVHV PJ
)LJXUH   7KH HIIHFW RI FXUFXPLQ DQG QDQRFXUFXPLQ RQ
FU\VWDOOLQGLVWULEXWLRQLQWKHVROXEOHSURWHLQIUDFWLRQRIUDW





)LJXUH   7KH HIIHFW RI FXUFXPLQ DQG QDQRFXUFXPLQ RQ
SURWHLQ FURVVOLQNLQJ DQG WKH DJJUHJDWLRQ RI WKH VROXEOH
IUDFWLRQ RI WKH OHQV  6ROXEOH SURWHLQ ZDV ORDGHG RQWR D











&XUFXPLQ KDV EHHQ LGHQWLILHG DV WKH DFWLYH SULQFLSOH RI
WXUPHULF DQG KDV EHHQ VKRZQ WR H[KLELW DQWLR[LGDQW DQWL
LQIODPPDWRU\ DQWLPLFURELDO DQG DQWLFDUFLQRJHQLF DFWLYLWLHV
>@&XUFXPLQ ZDV VKRZQ WR LQGXFH DSRSWRVLV LQ KXPDQ
UHWLQDOHQGRWKHOLDOFHOOVDQGGHFUHDVH9(*)UHOHDVHLQWRPHGLD
LQ YLWUR >@ DQG LW DOVR LQKLELWV GLDEHWHVLQGXFHG HOHYDWLRQ RI
VHUXP9(*)OHYHOVLQUDW>@:HKDYHDOVRGHPRQVWUDWHGWKDW
VXSSOHPHQWDWLRQ RI FXUFXPLQ UHVFXHG SKRWRUHFHSWRU
GHJHQHUDWLRQ LQ WUDQVJHQLF UDWVZLWK3+UKRGRSVLQPXWDWLRQ
>@
+HQFHHDUOLHUZHKDYHLQYHVWLJDWHGWKHSRWHQWLDORIFXUFXPLQ
WR SUHYHQW WKH VHFRQGDU\ FRPSOLFDWLRQV RI GLDEHWHV VXFK DV
FDWDUDFW DQG IRXQG WKDW LW GHOD\V GLDEHWHVLQGXFHG FDWDUDFW LQ
UDWV >@ 1HYHUWKHOHVV FXUFXPLQ DW WKH GRVH 
HTXLYDOHQWRU VOLJKWO\KLJKHU WKDQ WKHDPRXQWRIDYHUDJHGDLO\
LQWDNH $', RI WXUPHULF FRXOG QRW SUHYHQW GLDEHWLF FDWDUDFW
FRPSOHWHO\ :KLOH LQFUHDVH LQ WKH GRVH ! FRXOG QRW
SUHYHQWGLDEHWLFFDWDUDFWFRPSOHWHO\LQ67=GLDEHWLFUDWPRGHO
WKH VDPH GRVH LQ IDFW HQKDQFHG WKH FDWDUDFW IRUPDWLRQ LQ
JDODFWRVHUDWPRGHO>@
7KH PDMRU GUDZEDFN RI FXUFXPLQ LV SRRU SK\VLFRFKHPLFDO
DQG ELRSKDUPDFHXWLFDO SURSHUWLHV OHDGLQJ WR WKHLU ORZ RUDO
ELRDYDLODELOLW\ IURP FRQYHQWLRQDO GRVDJH IRUPV 7R GDWH D
QXPEHURIVWXGLHVKDYHWULHGWRHOXFLGDWHWKHSKDUPDFRNLQHWLFV
RI FXUFXPLQDV LW LVSRRUO\DEVRUEHG IURP WKHJDVWURLQWHVWLQDO
WUDFWDIWHURUDODGPLQLVWUDWLRQGXHWRLWVORZZDWHUVROXELOLW\DQG
ORZ VWDELOLW\ DJDLQVW JDVWURLQWHVWLQDO IOXLGV DQGRU DONDOLKLJKHU
S+FRQGLWLRQV)XUWKHUUDSLGSODVPDFOHDUDQFHDQGFRQMXJDWLRQ
RI FXUFXPLQ OLPLW SKDUPDFRORJLFDO H[SORLWDWLRQ RI FXUFXPLQ
7RJHWKHU WKHVH FKDUDFWHULVWLFV OHDG WR DQ XQDFFHSWDEO\ ORZ
RUDOELRDYDLODELOLW\>@
7KHUHIRUH QXPHURXV HIIRUWV KDYH EHHQ XQGHUWDNHQ WR
LQFUHDVH V\VWHPLF ELRDYDLODELOLW\ RI FXUFXPLQ ZKLFK LQFOXGHV
PDLQO\ FRPSOH[LQJ LW ZLWK RWKHU VXEVWDQFHV $ VWXG\ UHSRUWHG
HQKDQFHG DEVRUSWLRQ DQG ELRDYDLODELOLW\ RI OLSRVRPH
HQFDSVXODWHGFXUFXPLQE\RUDODGPLQLVWUDWLRQ>@)XUWKHUWKLV
VWXG\ VLJQLILFDQWO\ FRUUHODWHG SODVPD FXUFXPLQ FRQFHQWUDWLRQ
ZLWKSODVPDDQWLR[LGDQWDFWLYLWLHV$QRWKHUVWXG\GHPRQVWUDWHG
WKDW FXUFXPLQORDGHG SRO\ ODFWLGHFRJO\FROLF DFLG 3/*$
QDQRSDUWLFOHV IRUPXODWLRQ UHVXOWV LQ HQKDQFHG FHOOXODU XSWDNH
DQG LQFUHDVHGELRDFWLYLW\ LQYLWURDQGVXSHULRUELRDYDLODELOLW\ LQ
YLYR RYHU FXUFXPLQ >@ 2I WKH PDQ\ DSSURDFKHV
QDQRSDUWLFOHEDVHG GHOLYHU\ V\VWHPV ZLOO SUREDEO\ EH VXLWDEOH
IRUKLJKO\K\GURSKRELFDJHQWV OLNHFXUFXPLQFLUFXPYHQWLQJ WKH
SLWIDOOV RI SRRU DTXHRXV VROXELOLW\ KRZHYHU IXUWKHU
LQYHVWLJDWLRQV DUH QHHGHG WR XQGHUVWDQG WKH DELOLW\ RI
QDQRSDUWLFOHVLQGHOLYHULQJYHU\KLJKGRVHFRPSRXQGVVXFKDV
FXUFXPLQ 8VH RI SRO\PHULF QDQRSDUWLFOHV KDV EHHQ DFWLYHO\
H[SORUHG DV RUDO GHOLYHU\ YHKLFOHV IRU SKDUPDFHXWLFDOO\
FKDOOHQJLQJFRPSRXQGV>@
7KHRUDOGRVHPJGD\UDWRIFXUFXPLQDQGQDQRFXUFXPLQ
XVHG LQ WKLV VWXG\ FRUUHVSRQGV WR DSSUR[LPDWHO\ 
FXUFXPLQ LQ WKH GLHW DV XVHG LQ RXU SUHYLRXV VWXG\ >@ 7KH
UHVXOWV ZLWK QDQRFXUFXPLQ LQ WHUPV RI FDWDUDFW GHOD\ ZHUH
HQFRXUDJLQJDQGDOVRLQGLFDWHWKDWRQHPD\XVHDKLJKHUGRVH
RI HQFDSVXODWHG QDQRFXUFXPLQ ZKLFK PLJKW SUHYHQW RU GHOD\
FDWDUDFW WR JUHDWHU H[WHQW ,Q VXPPDU\ WKH UHVXOWV RI WKH
SUHVHQW LQGLFDWH WKDW LQJHVWLRQ RI QDQRFXUFXPLQ OHDGV WR
LPSURYHG RUDO ELRDYDLODELOLW\ DQG WKHUHE\ EHWWHU HIILFDF\
FRPSDUHG WR FXUFXPLQ LQ GHOD\LQJ GLDEHWLF FDWDUDFW LQ UDWV
7KXVWKHSUHVHQWVWXG\SDYHVZD\IRU IXUWKHU LQYHVWLJDWLRQVRI






&RQFHLYHG DQG GHVLJQHG WKH H[SHULPHQWV 0195. *%5
3HUIRUPHG WKHH[SHULPHQWV&1*360$3*5$QDO\]HG WKH
GDWD &1* 36 0$3 *5 1% 0195. *%5 &RQWULEXWHG




 0LFKDHO - )RZOHU 0'  0LFURYDVFXODU DQG 0DFURYDVFXODU
&RPSOLFDWLRQV RI 'LDEHWHV &OLQ 'LDEHWHV   GRL
GLDFOLQ
 &RQJGRQ 1* >VXUQDPH@ /LHWPDQ 7  ,PSRUWDQW &DXVHV RI
9LVXDO ,PSDLUPHQW LQ WKH :RUOG 7RGD\ -$0$   GRL
MDPD3XE0HG
 %URZQOHH0%LRFKHPLVWU\DQGPROHFXODUFHOOELRORJ\RIGLDEHWLF
FRPSOLFDWLRQV 1DWXUH   GRLD 3XE0HG

 *DELU 00 +DQVRQ 5/ 'DEHOHD ' ,PSHUDWRUH * 5RXPDLQ - HW DO
 3ODVPD JOXFRVH DQG SUHGLFWLRQ RI PLFURYDVFXODU GLVHDVH DQG
PRUWDOLW\HYDOXDWLRQRI$PHULFDQ'LDEHWHV$VVRFLDWLRQDQG
:RUOG+HDOWK2UJDQL]DWLRQ FULWHULD IRU GLDJQRVLVRI GLDEHWHV'LDEHWHV
&DUH   GRLGLDFDUH 3XE0HG

 6SHFWRU $  5HYLHZ 2[LGDWLYH VWUHVV DQG GLVHDVH - 2FXO
3KDUPDFRO 7KHU   GRLMRS 3XE0HG

 .\VHORYD=6WHIHN0%DXHU9 3KDUPDFRORJLFDO SUHYHQWLRQRI
GLDEHWLF FDWDUDFW -'LDEHWHV&RPSOLFDWLRQVGRL
63XE0HG
 0DUHV -$ +LJKGRVHDQWLR[LGDQW VXSSOHPHQWDWLRQDQG FDWDUDFW
ULVN 1XWU 5HY   GRLQUMDQ 3XE0HG

 7D\ORU $ -DFTXHV 3) (SVWHLQ (0  5HODWLRQV DPRQJ DJLQJ
DQWLR[LGDQW VWDWXV DQG FDWDUDFW $P - &OLQ 1XWU  66
3XE0HG
 .XPDU3$5HGG\3<6ULQLYDV315HGG\*%'HOD\RIGLDEHWLF
FDWDUDFW LQ UDWV E\ WKH DQWLJO\FDWLQJ SRWHQWLDO RI FXPLQ WKURXJK
PRGXODWLRQ RI DOSKDFU\VWDOOLQ FKDSHURQH DFWLYLW\ - 1XWU %LRFKHP 
GRLMMQXWELR3XE0HG
 6DUDVZDW06XU\DQDUD\DQD35HGG\3<3DWLO0$%DODNULVKQD1HW
DO  $QWLJO\FDWLQJ SRWHQWLDO RI =LQJLEHU RIILFLQDOLV DQG GHOD\ RI
GLDEHWLFFDWDUDFWLQUDWV0RO9LV3XE0HG
 6XU\DQDUD\DQD36DUDVZDW00UXGXOD7.ULVKQD73.ULVKQDVZDP\










H[SUHVVLRQ LQ VWUHSWR]RWRFLQLQGXFHG GLDEHWLF UDW UHWLQD %LRFKHP
%LRSK\V 5HV &RPPXQ   GRLMEEUF
3XE0HG
 0XWKHQQD 3 6XU\DQDUD\DQD 3 *XQGD 6. 3HWUDVK -0 5HGG\ *%
 ,QKLELWLRQ RI DOGRVH UHGXFWDVH E\ GLHWDU\ DQWLR[LGDQW FXUFXPLQ
PHFKDQLVP RI LQKLELWLRQ VSHFLILFLW\ DQG VLJQLILFDQFH )(%6 /HWW 
GRLMIHEVOHW3XE0HG
 .ULVKQDVZDP\ . 5DJKXUDPXOX 1  %LRDFWLYH SK\WRFKHPLFDOV
ZLWK HPSKDVLV RQ GLHWDU\ SUDFWLFHV ,QGLDQ - 0HG 5HV  
3XE0HG
 $QDQG 3 .XQQXPDNNDUD $% 1HZPDQ 5$ $JJDUZDO %% 
%LRDYDLODELOLW\ RI FXUFXPLQ SUREOHPV DQG SURPLVHV 0RO 3KDUP 
GRLPSU3XE0HG
 6KDUPD 5$ 6WHZDUG :3 *HVFKHU $-  3KDUPDFRNLQHWLFV DQG
SKDUPDFRG\QDPLFVRIFXUFXPLQ$GY([S0HG%LROGRL
B3XE0HG




3KDVH , FOLQLFDO WULDO RI RUDO FXUFXPLQ ELRPDUNHUV RI V\VWHPLF DFWLYLW\
DQG FRPSOLDQFH &OLQ &DQFHU 5HV   GRL
&&53XE0HG
 .XPDU5DYL&DQHIILFLHQWGHOLYHU\V\VWHPVOHYHUDJHEHQHILWVRI
DQWLR[LGDQWV OHDGLQJ WR SRWHQWLDO PHGLFLQHV" 'UXJ 'LVFRY 7RGD\ 
GRLMGUXGLV3XE0HG
 *UDPD &1 $QNROD '' 5DYL .XPDU 019  3RO\ODFWLGHFR
JO\FROLGH QDQRSDUWLFOHV IRU SHURUDO GHOLYHU\ RI ELRDFWLYHV &XUU
2SLQB&ROORLG ,QWHUIDFH 6FL   GRLMFRFLV

 ,WDOLD -/ 6KDUS $ &DUWHU .& :DUQ 3 .XPDU 01  3HURUDO
DPSKRWHULFLQ%SRO\PHUQDQRSDUWLFOHVOHDGWRFRPSDUDEOHRUVXSHULRULQ








 6KDLNK - $QNROD '' %HQLZDO 9 6LQJK ' .XPDU 01 
1DQRSDUWLFOHHQFDSVXODWLRQLPSURYHVRUDOELRDYDLODELOLW\RIFXUFXPLQE\
DW OHDVWIROGZKHQFRPSDUHG WRFXUFXPLQDGPLQLVWHUHGZLWKSLSHULQH
DV DEVRUSWLRQ HQKDQFHU (XU - 3KDUP 6FL   GRL
MHMSV3XE0HG
 5HGG\ 3< *LULGKDUDQ 19 5HGG\ *%  $FWLYDWLRQ RI VRUELWRO
SDWKZD\LQPHWDEROLFV\QGURPHDQGLQFUHDVHGVXVFHSWLELOLW\WRFDWDUDFW
LQ:LVWDU2EHVHUDWV0RO9LV3XE0HG









FHOOV XQGHU LQ YLWUR FRQGLWLRQV ,QYHVW 2SKWKDOPRO 9LV 6FL 
GRLLRYV3XE0HG
 .RZOXUX5$.DQZDU0(IIHFWVRIFXUFXPLQRQUHWLQDOR[LGDWLYH
VWUHVV DQG LQIODPPDWLRQ LQ GLDEHWHV 1XWU 0HWDE /RQG   GRL
3XE0HG
 9DVLUHGG\ 9 &KDYDOL 95 -RVHSK 97 .DGDP 5 /LQ -+ HW DO 
5HVFXHRI SKRWRUHFHSWRUGHJHQHUDWLRQE\ FXUFXPLQ LQ WUDQVJHQLF UDWV
ZLWK 3+ UKRGRSVLQ PXWDWLRQ 3/26 21(  H GRL
MRXUQDOSRQH3XE0HG
 6XU\DQDUD\DQD 3 .ULVKQDVZDP\ . 5HGG\ *%  (IIHFW RI
FXUFXPLQ RQ JDODFWRVHLQGXFHG FDWDUDFWRJHQHVLV LQ UDWV 0RO 9LV 
3XE0HG
 7DNDKDVKL08HFKL67DNDUD.$VLNLQ<:DGD.(YDOXDWLRQ




'HVLJQ RI FXUFXPLQORDGHG 3/*$ QDQRSDUWLFOHV IRUPXODWLRQ ZLWK
HQKDQFHGFHOOXODUXSWDNHDQGLQFUHDVHGELRDFWLYLW\LQYLWURDQGVXSHULRU
ELRDYDLODELOLW\ LQ YLYR %LRFKHP 3KDUPDFRO   GRL
MEFS3XE0HG
'HOD\RI'LDEHWLF&DWDUDFWE\1DQRFXUFXPLQ
3/2621(_ZZZSORVRQHRUJ  2FWREHU_9ROXPH_,VVXH_H
